Abstract: A well-known fact of the existence and accumulation of space charge within the insulating material poses threat to the reliability in the operation of de power cables. When power cables are loaded under high voltage direct current (HVDC), temperature gradient is developed across the insulation. Results of space charge evolution in commercial ac XLPE power cables under an application of 80 kV dc supply at different temperature gradients and during external voltage reversal are discussed in this paper. The space charge distributions were measured across the insulation of the cable by means of a modified pulsed electroacoustic (PEA) system with a current transformer attached. Therefore, a replica of a power cable under load conditions could be obtained, which allows us to investigate the formation, migration and accumulation of space charges in a power cable both without and with different temperature gradients consideration across the bulk of the insulating material during voltage reversal. Discussion will be made thoroughly in order to understand the space charge phenomenon of power cable under its service temperature as space charge accumulation during polarity reversal plays an important factor on the electric field distribution within the insulation material.
INTRODUCTION
Electric energy consumption is increasing annually on developing countries. Due to this demand, countries are inter-exchanging electricity power across their borders leading to large length of cables spanning across their inner land and seas. Therefore, efficient transmission and distribution of electricity has lead to an extensive research done on the development of polymeric insulated dielectric material DC power cable, and notably cross-linked polyethylene (XLPE) cable. XLPE has been investigated due to its suitable high dielectric strength, electrical and thermal properties, which lead to the development of XLPE power cable used in power transmission and distribution up to 500 kV [1, 2] .
Likewise with other insulating materials, the electrical properties tend to deteriorate eventually under de application and studies have centred on the reason due 978-1-4244-4368-0/09/$25.00 ©2009 IEEE 946
to space charge accumulation in the body of the insulating material. These space charges may be generated due to its low carrier mobility and high trapping rates, under certain conditions within the insulating material itself, therefore, result in localised enhancement of the electric stress, which in tum accelerates the aging to premature breakdown of the insulating material when the localised fields exceed the threshold levels [3, 4] .
Nevertheless, in most high voltage direct current (HVDC) transmission systems, bi-direction power flow is a common and necessary operating mode. The presence of space charge is especially hazardous during polarity reversal and is widely recognised as the leading cause of failures of the early commercial dc cables with extruded insulation due to its low mobility of charge carrier as mentioned earlier. High electric stresses within the insulation may be created and this issue concerns both users and cable designers, where investigations are needed on the space charge dynamics in full sized cable.
Thus in this paper, a modified PEA system is employed to perform space charge measurements across an XLPE extruded cable in order to understand the dynamics of space charge injection/accumulation under the conditions when the cable is loaded in service; and the response of it during polarity reversal in different temperature gradients consideration across the insulation.
EXPERIMENTAL SETUP
Modified PEA System A modified PEA system with current transformer attached for the measurement of space charge in coaxial cable is illustrated below in Figure 1 . From the figure, we can see that the coaxial cable lays flatly in close contact with the flat ground aluminium (AI) electrode in the PEA system and running through in between the current transformer with the ends of the cable cores attached to a HVDC supply and an electrical pulse generator respectively. Further details of the PEA technique and the basic principles can be found in numerous publications [5] [6] [7] .
Osc tllcsc e pe Figure 1 : Illustration of a modified PEA system with current transformer for cable.
Cable Samples and Temperature Gradient
The cable samples used in our research were obtained from commercial 11 kY ac XLPE insulated power cable (inner radii = 5.8mm; outer radii = 9.2mm; XLPE insulation thickness = 3.4mm; cross-section of stranded aluminium conductor= 95mm
2 ) . Degassing process was not applied on the cable samples. Therefore, cross-linking by-products are present in the insulation material.
Once in operation, the temperature gradient within the insulation material is obtained by the current transformer through induction heating, which heats up the cable and generates a radial temperature gradient across the insulation material as illustrated Figure 1 .
A stabilised temperature gradient of woe is obtained by having a~5 5°C temperature at its inner semiconductor and -45°C at its outer semiconductor and a 20°C temperature gradient is obtained from having a -89°C temperature at its inner insulation and -69°C at its outer insulation. Both 10°C and 20°C temperature gradients are obtained through an ac current of 250A and 350A respectively across the insulation after 2 hours of induced current heating, where the outer semiconductor of the cable is cooled through natural convection cooling by the ambient temperature
Test Configuration
Three test conditions were setup for the experiments as follows: I) No temperature gradient across the insulation at ambient temperature. 2) A 10°C temperature gradient across the insulation. 3) A 20°C temperature gradient across the insulation.
In both test conditions for 10°C and 20°C, the cable is first heated up through the current transformer prior to 2 hours to obtain the desired stabilised temperature gradient before starting the experiment and the c~rrent transformer remains on throughout the experiment 947 measurements. The cable is then stressed at +80 kY for a total of 9 hours and space charge measurements were taken at different stressing times.
With the space charge distribution accumulated across the insulation after the 9 hours of positive voltage. The external positive voltage supply was switched off and the XLPE insulated power cable was short-circuited to release the surface static charge. Subsequently, negative voltage of -80 kY is then stressed on the cable and space charge measurements reading were once again taken at different stress times. The whole implementation of voltage polarity reversal procedure took less than one minute.
EXPERIMENTAL RESULTS AND DISCUSSION
The voltage on space charge profiles for no temperature gradient, 10°C and 20°C temperature gradients across the XLPE insulation material of the cable are presented in Figure 2 At the instant 0 min application of +80 kY to the central conductor of the cable , it can be seen from Figure 2 (a), (b) and (c) that heterocharge are al~eady formed at the vicinities adjacent to the anode (mner electrode) and cathode (outer electrode). The amount of heterocharge accumulates at the instant 0 min tends to increase with the degrees of temperature gradient applied across the insulation material. Also with comparison between no temperature, 10°C and 20°C temperature gradients in Figure 2 , the am?unt of heterocharge adjacent to the cathode tends to mcrease gradually. Furthermore by having a higher temperature gradient across the insulation, the heterocharge adjacent to the cathode apparently approaches a faster stable distribution time.
Therefore it evidently shows that due to the cable did not unde~go the degassing process , cross-linking by-products such as methane, cumylalcohol, acetophenone etc. are still present within the~LPE insulation [8] . These by-products may be present In the material for a long period of time and will undergo ionization process under a high electric field. Thus, under the influence of the electric field these ionized species will move towards the opposite electrodes to form heterocharge. Nevertheless, at high electric field accompanied with a higher temperature, the amount of charges tend to increase due to the higher injection rate and also having a higher mobility leading to the enhancement of the transportation of charges. Therefore, the observed heterocharge formation is due to the resultant effect of both scenarios.
The overall space charge distributions in Figure 2 (a) and (b) are quite similar in shape to each other except for in Figure 2 (b) at 10°C temperature gradient hav~a much higher accumulation of charges across Its insulation. In addition , homocharge are observed accumulating and gradually increasing at the adjacent of the anode after 6 hours of poling. The purging of the initial 6 hours of negative charges might be due to the extraction by the anode and also the injection of positive charge where it cancels out or recombines with the accumulated negative charges. In view of the situation, the inner interfac e current seems to be triggered with higher activation energy than the currents in the bulk. and 6 times larger respectively on doubling the temperature [10] . In Figure 2 (c) it illustrate that the amount of homocharge adjacent to the anode that was accumulated at looe after 6 hours of poling has move further into the sample. Furthermore, heterocharge is again observed forming adjacent to the anode throughout the 9 hours of poling due to the removal of charge carriers by the anode is slower than the transit rate in which the negative charges are injected from the cathode . 
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. When 20 0e temperature gradient is applied across the insulation, it clearly shows the injection and transportation of charges increases with the temperature. As it has been reported, an average increase for positive and negative mobility is about 3
In the voltage reversal experiment as illustrated in Figure 3 (a), (b) and (c), it shows that the space charge profiles that were previously accumulated at +80 kV for 9 hours are immediately overrun at 0 min by negative charges when the external voltage polarity was reversed. This immediate overrun of negative charges at 0 min tends to decrease with the increasing temperature gradient across the insulation due to the increase of mobility of both positive and negative charges enhanced by the temperature gradient. As having a higher mobility rate of positive charges, the initial negative charge tends to decrease in density due to the faster cancelling effect from the positive charge. In addition, we could see that immediately after voltage reversal, negative charge dominates across the insulation material first followed by the positive charge, where the later gradually take up its pace after the negative charge have done so. These whole events indicate that the activation energy of negative charges is indeed higher than positive charge and having a higher temperature gradient across the insulation increases the mobility of the both charges.
"Mirror image effect" is observed within 15 minutes of voltage reversal as shown in Figure 3 (a), (b) and (c), where the previous state of charge distribution under +80 kV for 9 hours is identical but of an opposite polarity. The duration of "mirror image effect" formation do varies with different cables as Fu et al [9] observed a stabilised "mirror image effect" at around 90 minutes after voltage reversal, whereas in our experiment a stabilised "mirror image effect" was observed within 15 minutes.
CONCLUSIONS
In this paper, we have replicate a power cable under service conditions, where temperature gradients across the insulation material and bi-direction power flow is considered. Measurements of space charge dynamics within the insulation of the power cable were taken under ambient and different temperature gradients followed by measurements after voltage reversal.
Through the existence of increase temperature gradient across the insulation, additional complexity is done on the space charge dynamics especially under 20°C temperature gradient. Injection and transportation of charges increases with the increase temperature gradient across the insulation of the power cable. Activation energy of the negative charge is higher than positive charge.
"Mirror image effect" is observed and the duration for the formation of the mirror image to stabilise does vary with the different types of cables used.
Furthermore, the important issue of the electric field distribution across the insulation during voltage reversal under the above different service conditions will be investigated and discussed under future works.
